Abstract The well-documented 1883 eruption of Krakatau volcano (Indonesia) offers an opportunity to couple the eruption's history with the tsunami record.
Introduction
Past volcanic eruptions can be reconstructed by analysing historical documents and characterising primary volcanic products in terms of thickness, componentry, texture, fragmentation, temperature of emplacement, crystal chronometry, etc. When tsunami waves are generated during a volcanic eruption, some primary volcanic deposits should be stratigraphically associated with tsunami deposits, thus adding more constraints for inferring the succession of the events and for geological interpretations. The generation of so-called volcanic tsunami by eruptive, intrusive and gravitational processes is more than anecdotal, and tsunami are implied in producing several of the worst volcanic disasters (Latter 1981; Begét 2000) , including those of the Late Bronze Age eruption of Santorini Island in the Aegean Sea, the 1792 flank collapse of Mayuyama dome near Unzen volcano in Japan and the 1883 eruption of Krakatau volcano in Indonesia. Volcanic tsunamis are characterised by short-period waves and greater dispersion compared to earthquake-generated tsunamis, but they clearly expand the potential damage area of many volcanoes . The aim of this contribution is to document the sedimentary record of the 1883 Krakatau tsunamis on Java and Sumatra coasts (Fig. 1 ), and to demonstrate that tsunami deposits have the potential to allow complete reconstruction of past eruptions and their tsunamigenic processes.
The 1883 eruption and tsunamis that devastated the coasts of the Sunda Strait are particularly well documented, thanks to hundreds of observations and eyewitness accounts that were collected during and after the disaster (Verbeek 1886; Symons 1888; Simkin and Fiske 1983) . The eruptive processes, and the source and time propagation of the tsunamis have been widely debated on the basis of observations, analysis of nearfield (<20 km from Krakatau volcano) pyroclastic deposits, tide and pressure gauge records, and numerical modelling (Verbeek 1886; Stehn 1929; Williams 1941; Ewing and Press 1955; Latter 1981; Self and Rampino 1981; Yokoyama 1981 Yokoyama , 1987 Camus and Vincent 1983; Francis 1985; Self 1992; Nomanbhoy and Satake 1995; Carey et al. 1996; Mandeville et al. 1996a, b; Choi et al. 2003; Pelinovsky et al. 2005; Maeno and Imamura 2011) . This paper does not attempt to re-analyse the 1883 eruption and question the source of the tsunamis. It is now commonly accepted that (1) tsunamis occurred throughout the paroxysmal August 26-27 eruption; (2) several processes could have produced tsunamis (landslide, pyroclastic flow entering seawater, caldera collapse, shock wave produced by large explosion); (3) most of the pyroclastic flows were discharged into the sea with water depths up to 40 m, thus (4) generating tsunamis of increasing magnitude from the afternoon 26 August to the morning 27 August and (5) pyroclastic surges travelled over water and impacted the southern coast of Sumatra.
The temporal order of the different processes is recorded in the strata of the proximal pyroclastic deposits (Stehn 1929; Williams 1941; Self and Rampino 1981; Mandeville et al. 1996b) . Moderate explosive activity from May 20 to early August is represented by ash-fall deposits overlying the 1883 soil horizon. Onset of the Plinian August 26-27 phase is evidenced by coarse pumice fall deposits interbedded with surge and small pyroclastic flow deposits. In the early morning of 27 August, activity shifted from a convecting to a collapsing column, thus producing massive accumulations of pyroclastic flow deposits. Co-ignimbrite lag breccias in the upper part of the 1883 stratigraphic record might reflect the onset of caldera collapse. Investigations by Carey et al. (1996) and Mandeville et al. (1996b) on the islands north of Krakatau (Sebesi, Sebuku, Lagoendi) and offshore (SCUBA cores) illustrate the segregation of pyroclastic flows into a subaqueous high-concentration component and a dilute component traveling over water up to 80 km from the volcano. The culminating 10:00 AM explosion was followed by mud rain that lasted more than 2 h (Verbeek 1886) . Mud rain was interpreted by Self and Rampino (1981) as a consequence of phreatomagmatic explosions when pyroclastic flows were discharged into the sea, but Carey et al. (1996) argued for a large co-ignimbrite ash plume.
Less attention was paid to the deposits left inland by the tsunami waves. Coral boulders interpreted as 1883 remnants were mentioned on the coasts of Java and Sumatra (Fig. 1) , from Ujung Kulon Peninsula (Umbgrove 1947 , Verstappen 1956 to Anyer (Verbeek 1886; Setjaatmadja 2007) and Gubug Garam (Setjaatmadja 2007) . Photographs from the archives of the Royal Institute for the Tropics, Amsterdam, illustrate devastated landscapes covered by debris (coral boulders, pumices, fragments of buildings, trees, etc.). Remnants of a lighthouse (so-called 4th Point Java) were found up to 4 km inland along the Cikoneng River (near Anyer, Java). The largest coral boulder reported in Anyer by Verbeek (1886) had an approximate weight of 200 t, which is in the range of the largest coral boulders moved by tsunamis (e.g. Terry et al. 2013) . Ongkosongo (1983) and Bronto (1990) briefly Fig. 1 Maps showing distribution of 1883 Krakatau tsunamis, pyroclastic surges and ash fall deposits in Sunda Strait region (Indonesia), after previous works on tsunami deposits by Williams (1941) , Ongkosongo (1983) , Bronto (1990) , Carey et al. (2001) and Van den Berg et al. (2003) . Distribution of coral boulders after Umbgrove (1947) , Verstappen (1956) and Setjaatmadja (2007) . Typical tsunami wave propagation time in Sunda Strait (in minutes) was estimated by Yokoyama (1981) , Giachetti et al. (2012) and Maeno and Imamura (2011) ? Pyroclastic surge deposits (Carey et al. 1996) deposits ( described the 1883 tsunami deposits in Java and Sumatra as unsorted and structureless gravel overlying pyroclastic deposits, but few details are given on the composition and emplacement of the deposits. Carey et al. (1996 Carey et al. ( , 2001 ) studied the 1883 pyroclastic flow deposits on the islands north of Krakatau (Sebesi, Sebuku) . Units of rounded pumice lapilli intercalated between the pyroclastic flow deposits are interpreted as floating pumice rafts reworked and left inland by tsunami. They also mentioned poorly sorted, silty to sandy deposits with corals and pumice on Sebesi Island and Sumatra (Fig. 1) . Williams (1941) mentioned "a topmost unit consisting of lithic blocks, sediments, corals and shells" on Rakata, Panjang (Lang) and Sertung (Verlaten) islands, but he did not suggest a possible tsunami origin. This unit does not appear on the stratigraphic columns described by other authors (e.g. Stehn 1929; Mandeville et al. 1996a, b) . The 1883 Krakatau main tsunami (originated at 10:00 AM of 27 August) is apparently recorded in submarines cores off Teluk Banten (Java Sea), as evidenced by Van den Berg et al. (2003) who identified a poorly sorted, sandy layer with abundant bioclasts, pumices and the typical 1883 crystal assemblage (plagioclase, green augite, brown hypersthene and magnetite). Land-derived components were locally transported into the shallow bay by the tsunami backwash (outflow).
Methods
Observations of the 1883 events compiled in the reports of Verbeek (1886) and Symons (1888) , and in the later review of Simkin and Fiske (1983) were entered into a georeferenced database with links to the original text and integrated into a GIS (Geographic Information System). Data can be sorted by thematic, geographical or chronological requests (e.g. all tephra fall information in Java from 4:00 to 9:00 PM of 26 August 1883). Thematic files were prepared to be viewed with Google Earth (e.g. kml files of tsunami observations, tephra falls, explosions etc.). The scenario of the events at a precise location can thus be compared with the stratigraphic record. Thirteen types of observation were distinguished: earthquakes, eruptive activity at the vents (e.g. explosions, pyroclastic flows), airwaves (generated by the major explosions), pyroclastic falls, mud rain, darkness, optical effects, thunder/ lightning, smell of gas, floating pumice, tsunami, destruction of objects and fatalities. ArcGIS shapefiles and Google Earth kml files will be soon available at http://www.obs.univbpclermont.fr/lmv/pperm/paris_r/index.php. Four surveys were carried out along the coasts of the Sunda Strait in January 2009, August 2010, August 2011 and October 2011, from Bandar Lampung (present name of Teluk Betung, Sumatra) to Ujung Kulon National Park (Java), including Sanghyang, Sebesi and Sertung islands (Fig. 1) . More than 50 trenches were dug or refreshed, and hundreds of samples collected. Well-preserved sedimentary sequences deposited by the 1883 events were found at only 15 sites. Indeed, the 1883 tsunami and primary volcanic deposits are not preserved everywhere, and are often reworked through bioturbation, slope processes, fish farming, tourist resorts, agriculture and industries (e.g. Merak, Labuhan, Bandar Lampung). All samples were analysed using a binocular microscope for estimating the proportions of marine bioclasts and 1883 volcanic juveniles (pumice, glass shards and fresh crystals). We also sampled pyroclastic deposits of the 1883 eruption in Panjang and Rakata islands (Fig. 1) .
Tsunami deposits are usually characterised using a multidisciplinary approach, including sedimentological, micropalaeontological, geochronological and geochemical methods (e.g. Dawson and Stewart 2007; Bourgeois 2009; Goff et al. 2012; Keating et al. 2011) . Cuven et al. (2013) used a combination of sedimentological (grain size, sorting, anisotropy of magnetic susceptibility), micromorphological (X-ray tomography and radiography, thin sections) and geochemical analysis (X-ray microfluorescence, ICP-AES, loss on ignition) to provide a comprehensive reconstruction of the different phases of the 1755 tsunami deposition and flow dynamics in Andalusia (Spain). The same suite of methods cannot be applied entirely to the 1883 Krakatau tsunami deposits. Grain size distributions were obtained for some selected units (e.g. sandy deposits in West Java, pumice lapilli in Sumatra), but most of the sediments sampled had a wide range of clast size (from silts to cobbles) and clast shape (e.g. coral gravels) and were not processed for granulometry. Because of the mixture of clasts, we also chose not to undertake X-ray tomography (cores in carbon tubes) or microfluorescence (half cores) studies.
We were able to collect samples for anisotropy of magnetic susceptibility (AMS) at only four sites, because for AMS the sediments must be fine (clay, silt and fine sand fractions) and have good cohesion. Samples were collected along vertical sections into 2-cm sided boxes, as described in Wassmer et al. (2010) , who demonstrated that AMS can be used on unconsolidated tsunami deposits to gain information about sediment fabrics and depositional processes. Each sample was analysed in 15 directions using a Kappabridge KLY-2 in order to determine the magnitude and direction of the maximum, intermediate, and minimum AMS axes. The anisotropy of each sample (i.e. each cubic box) can be visualised by a triaxial ellipsoid (the maximum, intermediate and minimum axes corresponding to principal eigenvectors). The projection of AMS tensor axes onto a diagram of the lower hemisphere equal areas gives information on the influence of paleocurrents on the preferential orientation of the long axis of particles (grains). The calculation of AMS parameters such as magnetic lineation (L), foliation (F), alignment parameter (Fs) and shape parameter (T) allow relationships between magnetic fabrics and depositional processes to be evaluated. The alignment parameter represents the development of a linear fabric and thus increases with bottom current strength. The shape parameter describes the geometry of the AMS ellipsoid, which is oblate for T>0 (settling mode) or prolate for T<0 (traction mode). It has been demonstrated that the mean orientation of the grains long axes (and thus the maximum tensor axis K max ) is parallel to flow direction for moderate currents and settling from suspension (e.g. Wassmer et al. 2010) . For stronger currents with dominant traction (bed load), the long axis of prolate particles (and the K max ) tends to be orientated perpendicular to flow direction.
Seventeen bulk samples of tsunami deposits, 13 samples of 1883 pyroclastic deposits (selected pumices) and four samples of older regional ignimbrites were analysed by ICP-AES (Jobin-Yvon ULTIMA C) for concentrations of major elements. This method allows (1) comparison with XRF analyses of 1883 whole-rock samples published by Self (1992) and Mandeville et al. (1996a, b) ; (2) and distinguishing between the 1883 Krakatau pumice and other regional sources of pumice that crop out along the coasts of Java and Sumatra (e.g. Danau caldera, Rajabasa volcano). Water, organic and carbonate content were estimated by loss on ignition (LOI) for 12 h at 105°C, 4 h at 550°C and 2 h at 950°C, respectively.
Results
Stratigraphy and composition of the deposits Stratigraphic sections are described by geographical sectors, from the westernmost point of Java (Ujung Kulon) to Lampong Bay (Sumatra). In all the sections described, pumices, glass shards, dark olive obsidian and fresh crystals were identified. Three kinds of pumices can be distinguished: (1) highly vesicular white pumice emitted during the climactic stage (27 August 1883), representing 85 % of the erupted products (Mandeville et al. 1996a ); (2) highly vesicular light pink to dark grey pumice and (3) banded pumice. The most abundant crystals are tabular plagioclase and orthopyroxene (rhombic brown hypersthene, up to 4 mm in length and bronzite), but there are also monoclinic clinopyroxene and oxides (titanomagnetite, ilmenite), as in the 1883 primary pyroclastic deposits (Verbeek 1886; Williams 1941; Camus et al. 1987; Mandeville et al. 1996a ). These criteria helped us identify 1883 primary or reworked volcanic deposits in the stratigraphy.
Ujung Kulon
Trenches 250 m from the north-eastern shoreline of the Ujung Kulon National Park (West Java, Fig. 1 ) display the following stratigraphy, from base to top (Fig. 2a) . At a depth of 50 cm, coral cobbles and gravels are mixed with medium-grained sands and marine bioclasts (4 wt% carbonates estimated by LOI at 950°C). Sand grains are subrounded to subangular, and their dominant shiny surfaces indicate that the main sediment source was a beach (Cailleux and Tricart 1959). We were not able to dig deeper and reach the 1883 surface. From 45 to 32 cm depth, this medium-grained sand is considerably enriched in dark heavy minerals. A 3-cm thick unit of lenticular coarse sand with fresh crystals, shells and coral fragments was found at a depth of 40 cm (12 wt% LOI at 950°C). Above 32 cm lies a 10-cm thick unit of poorly sorted coarse sands, rich in bioclasts (mostly shell and coral fragments, 9 wt% LOI at 950°C), in a clayey matrix including very fine pumices in low abundance. At 20-cm depth, a discontinuous layer of light grey ash with rounded pumice lapilli and fresh crystals. It is overlain by a unit of coarse sand with abundant fine pumice (48 % of the grains), fresh crystals (30 %) and bioclasts (12 % using the binocular microscope, 13 wt% LOI at 950°C). Coral boulders up to 80 cm wide rise from the top of this sequence, covered by the post-1883 soil.
Other sites were investigated further north (Cidaun, Fig. 2b ). The stratigraphy of the 3.5-m thick sequence can be simplified as a succession of (1) volcanic pumiceous ash and lapilli and (2) sand units with coral gravels, showing enrichment in volcanic material upward. Sand units between 315 and 245 cm deep are very poorly sorted, enriched in coral and shell fragments and have rip-up clasts of clay at the base (Fig. 2b) . These first sands are overlain by a greyish ash (245-210 cm) with numerous dark minerals and charcoal fragments. The second sand unit is composed of a lower layer (210-180 cm) of fine sands with marine bioclasts and pumiceous ash and an upper layer (180-156 cm) of fine sand mixed with brown silt. From 156 to 125 cm, there is a light grey ash, with pumice lapilli and other fragments of volcanic rock (lithics). The third sand unit (125-45 cm) is yellowish, poorly sorted, mixed with pumiceous ash and lapilli, and marine bioclasts. Three layers can be distinguished, with an increasing abundance of pumice and decreasing abundance of bioclasts upward.
Sumur
A 380-m-long transect of 10 trenches was established near the village of Sumur (Fig. 1) , from the coast to vegetated dunes near the road. The orientation of the transect (NNW-SSE) corresponds to the inferred flow direction of a tsunami coming from Krakatau volcano. Deposits of the 1883 events are here intercalated between the coral calcirudite and dune sands. The stratigraphy can be summarised as follows (Fig. 3): (1) bioclastic very coarse sand to gravel, without any evidence of fresh volcanic material; (2) coarse sand with marine bioclasts (40-50 %) and fine pumice (40 %) in a clayey-ashy matrix (corresponding to weathered volcanic ash); (3) discontinuous yellowish fine sand with abundant pumice but less bioclasts (Fig. 3 ). Units 1, 2 and 4 are particularly rich in marine macrofauna, especially gastropods (e.g. Cancellaria, Ceithium, Columbella, Architectonica, Natica, Tridacna). All units identified are poorly sorted, with inverse grading observed in units 1 (80-70 cm) and 4 (45-15 cm).
Cigorondong
On the road from Sumur to Cigorondong (UTM 48S, 559370/ 9257852), trenches revealed the presence of a 20-cm thick tephra unit between a depth of 80 and 100 cm. It is a white pumiceous ash with angular lapilli and fresh crystals (mostly plagioclase). No vertical grading was detected. Below the tephra, we found a thick unit of yellowish coarse sand with coarse bioclasts, obsidian and very fine pumices. As in Sumur, the substratum is a coral calcirudite. The tephra unit is overlain by coarse sand with pumiceous ash, light grey rounded pumice lapilli and wood fragments. Surprisingly, we could not find marine bioclasts in this upper unit. As in Ujung Kulon, coral boulders (up to 3 m) are set in the uppermost part of the sequence.
Panimbang
A sequence of pumiceous sands is preserved near the shore 15 km WSW of Panimbang ( Fig. 1) , fossilising the 1883 soil (Fig. 4) . The lower part of the sequence is a thick (∼20 cm), massive sand unit with a bimodal grain size distribution (sample 1 in Fig. 4 ; 50 % medium-sized beach sand mixed with 50 % very fine pumices). The upper part is a laminated accumulation of coarse sand with bioclasts and small rounded pumice lapilli (e.g. samples 4 and 5), more or less enriched in very fine ash which forms clayey aggregates (e.g. sample 2). The contact between the lower and upper part of the sequence is associated with a very fine deposition of ash and charcoal, eroded by the upper laminated sands. Grain size distributions and observations with the binocular microscope allow two populations to be distinguished: (1) fine volcanic ash in the coarse silt to very fine sand fractions and (2) medium to coarse sand from the beach, with coarse bioclasts (shells >1 mm). A marine gravel was found at 1.8 m above sea level (a.s.l.) on a rocky platform 8 km west of Panimbang (UTM 48S, 581039/9279586). The platform is made of siltstone (greyish volcanic ash) eroded by the overlying gravel. Rip-up clasts of siltstone are numerous at the base of the gravel, which contains many kinds of coral and shells. The thickness and clast size of the gravel decrease landward from 1 m thick at the rocky point to less than 10 cm inland (3.5 m a.s.l.) where the gravel turns to coarse bioclastic sand. It is, however, difficult to conclusively prove the presence of 1883 volcanic products in these deposits because older greyish ash from the underlying platform is abundant.
Anyer
The 1883 tsunami deposits around Anyer's lighthouse were briefly described by Ongkosongo (1983) and Bronto (1990) . The typical sequence displays a basal unit of coarse sand with pumices (70-80 %), fresh crystals (10-15 %), coarse bioclasts (10-15 %) and lithics (5-10 %), lying directly on the substratum (calcirudite and coral platform). This coarse sand unit is yellowish at the base and brownish at the top. A horizon of angular blocks occurs in the middle part (Fig. 5a ). The second unit is a light-grey coarse sand enriched in very fine white ash, rounded pumice lapilli and wood. It is ∼10 cm thick (at a depth of 20-30 cm) and its upper part was eroded before deposition of the overlying gravel, with evidence of sand incorporation into the gravel. The top gravel unit also contains abundant juvenile grains (pumice, 70-80 %; glass shards, 5 %; fresh crystals, 10-15 %; obsidian, <3 %), together with lithic clasts (10 %) including bricks from the lighthouse, minor bioclasts (<5 %) and charcoal (<2 %). Several types of pumice are present in this third unit (white to light grey homogenous, highly vesicular pumice, light brown to yellowish pumice, banded pumice).
Sections including deposits of the 1883 events are also preserved along the Cikoneng River and its tributaries up to Sampling and grain size distribution (GSD) of 1883 tsunami deposits near Panimbang (West Java, UTM 48S, 575746/ 9279408). Two populations can be distinguished in the GSD (separated by dashed line): fine volcanic ash in the coarse silt to very fine sand fractions, and medium to coarse sand from the beach, with coarse bioclasts (shells >1 mm). Grain size analysis was carried out using a laser-diffraction particle analyser (Coulter LS100) 4 km inland (Bronto 1990) . In this paragraph, we describe a section located 3 km inland along a riverbed. The 1883 deposits overlie a soil and rounded pebbles from the riverbed (Fig. 5b) . The first unit is a ∼20 cm thick sequence of crossbedded sands with 50 % pumice (including pumice with veins of dense obsidian) and wood fragments. Cross-bedding indicates a current directed towards the NW. The great majority of the grains are angular to subangular and their surface is not shiny, suggesting a fluvial origin rather than marine (Cailleux and Tricart 1959) . The transition from cross-stratified to laminated sands (of same composition+charcoal) marks a change in flow dynamics at ∼40 cm outcrop depth (Fig. 5b) . At −32 cm, there is a 4-cm-thick continuous layer of white pumiceous ash and rounded lapilli. The tephra layer is eroded beneath a thick unit of laminated fine pumiceous sand (95 % varied pumices). The white, highly vesicular pumices are coarser than the other types of pumices. No marine macrofauna was detected using the binocular microscope. This is confirmed by the very low LOI at 950°C (<1.3 wt%).
Sanghyang Island
Sanghyang Island (Fig. 1) is located in the middle of the narrowest path of the Sunda Strait, between Java and Sumatra, 50 km ENE from the volcano. Coral boulders up to 4 m wide are dispersed in the forest and mangroves. The more complete of our sections is a 4 m pit at 430 m from the shoreline (UTM 48S, 594243/9341627), where the coral platform and bioclastic sands are covered by a 2-m-thick massive coral gravel. At 1 m deep, the gravel is overlain by white pumiceous fine sand mixed with coral and wood, followed by a sequence of coarse bioclastic sand with less than 20 % very fine pumice. This top unit is inversely graded, from coarse sand at −70 cm to gravel at −20 cm. We also noted that the topographic lows of the island are often filled by accumulations of rounded pumice lapilli (up to pebble size).
Kalianda
Northwest of Kalianda city (Fig. 1) , traces of the 1883 eruption and tsunamis can be found everywhere around tourist resorts and mangroves up to 1 km inland: pumice lapilli and coral in the soil, coral gravel and bioclastic sands with pumice, glass shards and other bioclasts (shells), accumulations of pumice (usually below the coral gravel in the mangroves). These pumice deposits are up to 1 m thick Point Java Lighthouse (at 100 m from the present-day shoreline), and distal section is located 3 km inland in a riverbed (Cikoneng). White pumiceous ash of paroxysmal phase (early morning August 27) is better preserved inland (Fig. 5b ) than on the coastal sections (Fig. 5a ). See Fig. 2 for legend and the dominant population is rounded lapilli, as on Sanghyang Island.
One of the most complete sequences along the Sumatra coast was found in a sand quarry located 3 km NW of Kalianda city (250 m inland, 5 m a.s.l.). The 1883 sequence is up to 120 cm thick and cuts into paleo-dunes (Fig. 6) . The first unit resembles the underlying bioclastic sand from the dune, but its composition is different since it incorporates fresh crystals and rare pumice, wood and organic matter (4.7 wt% LOI at 550°C compared to 1.8 wt% in the dune). This sand is then covered by volcanic ash (greyish silty clay) which is characterised by its bimodal grain-size distribution: very fine pumices <100 μm and subrounded pumices typically 1 mm in diameter. The ash is eroded beneath and reworked into another sand unit. The contact displays scour-and-fill features, plastic deformation of the ash layer into pipes and rip-up clasts in the sand. The composition of this second sand unit is close to that of the first one, with fewer bioclasts (25 wt% LOI at 950°C, compared to 35 wt%), and more heavy minerals and pumice. It is draped by a thick unit of rounded pumice lapilli with charcoal and tree moulds. The uppermost dark silty sand unit is unusual: it is a mixture of very fine pumiceous ash, fresh crystals, bioclasts (coral, shells-11 % LOI at 950°C) and abundant fine fragments of charred wood. 
Lampong Bay
Halfway between Kalianda and Bandar Lampung (Fig. 1) , a coastal platform gently sloping landward provides good sites for preserving tsunami deposits. In the village of Gubug Garam (300 m from the present-day shoreline), the sequence is slightly different to that at Kalianda. Bioclastic sands predating the 1883 events are increasingly reworked upwards and enriched in pumice and fresh crystals (Fig. 7) . The overlying pumiceous ash unit (a greyish silty clay) here incorporates lenses of rounded pumice lapilli. The upper part of the ash progressively evolves into a brown silty clay, very rich in pumices, with both terrestrial and marine bioclasts. The upper 20 cm of the section are reworked and thus difficult to interpret.
In this same area, many sections were accessible during the building of the Taharan PLTU power plant. The typical sequence starts with coarse bioclastic sand enriched in pumice and rip-up clasts from the underlying soil. Above is a layer of light grey primary ash (no bioclasts or wood), eroded beneath the upper pumiceous sand (>70 % volcanic juveniles) which is normally graded. Many kinds of pumice were observed in this unit-massive, fibrous and banded, with or without veins of dense obsidian. The coarse pumices in the sand units are rounded, whereas all pumices in the ash layer are angular to sub-angular. Sand pipes extending upward from the lower sand unit go through the ash and up to the upper sand unit. Finally, coral boulders less than 1 m wide can be found on top of the sequence, buried in the soil and underlying deposits. Traces of the 1883 tsunami are limited to the coastal platform, with the deposition limit at 700 m inland (<10 m a.s.l.), where slopes become steeper.
The most complete sequence (Fig. 8 ) displays more than 70 cm of 1883 "event deposits" above 1 m of lateritic soil (without any evidence of tephra or tsunamis prior to 1883). The lower half of the sequence is similar to the previous sections of the same area: (1) lower unit of coarse sand with abundant pumice, marine bioclasts and rip-up clasts from the underlying soil; (2) greyish pumiceous ash (up to lapilli size), eroded by (3) the upper pumiceous silty sand (as evidenced by rip-up clasts of greyish ash in the pumiceous sand). The upper part of the sequence displays successively (4) rounded pumice lapilli infilling the irregular surface of the upper pumiceous sand, and (5) 30 cm of light grey primary silt-to-sand size volcanic ash (reworked by pedogenesis only in its uppermost part). This final ash unit is organised into three subunits-a lower massive facies, an intermediate cross-bedded facies (eroding the massive facies) and an upper planar-bedded facies. Bedforms illustrated in Fig. 8 are oriented oblique to a flow coming from the South (section is oriented WSW-ENE).
Sebesi Island
Sebesi is located only 17 km North of Krakatau (Fig. 1) . The island was completely devastated by pyroclastic flows and surges. Products of the 1883 climactic stage are preserved as a massive 0.5-to 3-m thick unit of light grey to white pumice, with clasts ranging from fine ash to boulders up to 30 cm, including coral blocks. A better sorted and finer basal facies can be observed at some outcrops. On the eastern shore of the island (UTM 48S, 556816/9342020), a brownish coralenriched unit is intercalated between the 1883 substratum (soil or coral breccia) and the pyroclastic flow deposits of the 1883 climactic stage. These observations are concordant with the sections described by Carey et al. (1996) on the eastern shore of Sebesi Island. The brownish coral-bearing unit has an irregular thickness (10-80 cm), a sharp basal contact, includes fragments of pumice and has a matrix that is not vesicular. Elongate clasts tend to have their long axes aligned horizontally.
Anisotropy of magnetic susceptibility
Ten samples were collected for AMS analysis in Kalianda (Fig. 9) . The bioclastic sand unit (Fig. 6, depth 90-150 cm) is characterised by dominant traction increasing upward (prolate ellipsoids, linear fabric) and a significant southward tilting of the K max tensors (landward fabric). The pumiceous sand unit (90-50 cm) shows a succession of traction followed by settling (peak of foliation at 70 cm). The uppermost dark silty sand (35-20 cm) has a moderate linear fabric and an oblate ellipsoid of anisotropy. Orientation of the 10 K max tensors is concordant with a flow oriented S-N to SSW-NNE (Fig. 10) , which corresponds to the direction of Krakatau volcano.
Coastal sections in Anyer (Fig. 5a) were not sampled for AMS because of the coarse grain size of the sediments. Finer pumiceous sands in the sections found 3 km inland in the riverbeds (Fig. 5b) were suitable for AMS analysis. Samples of the lower cross-bedded pumiceous sand (60-40 cm) have K max tensors oriented N-S (Fig. 10) , i.e. almost perpendicular to the Krakatau direction and the present-day riverbed. This is surprising considering that the deposition was dominated by settling (oblate ellipsoids). The tsunami flow may have been initially channelled by a riverbed-oriented N-S, even if the present-day riverbed is now oriented WSW-ENE. In contrast, two samples of pumiceous sands have K max tensors oriented W-E (at 15 and 34 cm deep). The white pumiceous ash intercalated between the pumiceous sands (Fig. 5b , depth 30 cm) displays unusual AMS parameters-highly linear fabric, but oblate ellipsoids, with both lineation and foliation higher than in the under-and over-lying pumiceous sands (Fig. 9) . Three samples were collected from a bioclastic sand unit at Cidaun (Fig. 2, depth 210-156 cm) . Deposition was dominated by settling (T>0 and foliation>lineation). Orientation and declination of the AMS tensors suggest that the lower yellowish-brown bioclastic sand (210-180 cm) was deposited by a flow coming from the E (Fig. 10) . The upper brown silt (180-156 cm) has K max tensors oriented successively N-S (170 cm) and E-W (166 cm). These variations likely reflect the influence of coastal morphology (V-shaped bays, islands) on flow direction.
In Lampong (Fig. 8) , seven samples of the upper pumiceous sand (Fig. 8 , depth 28-40 cm) were analysed for AMS, thus giving the opportunity to assess vertical variations of sediment fabrics and depositional processes in a single unit. (Fig. 8) , Kalianda (Fig. 6) and Cikoneng (Fig. 5b) . The shape parameter describes the geometry of the AMS ellipsoid, which is oblate for T>0 (settling mode, dominant foliation) or prolate for T<0 (traction mode, dominant lineation). The alignment parameter represents the development of a linear fabric and thus increases with bottom current strength Anyer -Cikoneng (Fig. 5b) Kalianda (Fig. 6 ) Lampong (Fig. 8 settling, characterised by normal grading and upward sorting from base to top of the unit (Fig. 9 ), but AMS parameters reveal changes in flow dynamics, which were not detectable in the field. Six of the seven ellipsoids are oblate, thus confirming that settling was the dominant mode ( Fig. 9) . Traction dominates for one sample (at 38 cm deep, peak of alignment parameter and lineation), but the prolate shape of the ellipsoid is not pronounced. The vertical variations of the alignment parameter display three peaks of increased linear fabric. The orientations of the maximum tensor axes (K max ) range from SSW-NNE to SSE-NNW, alternately tilting southward and northward (Fig. 10) , thus suggesting an oscillatory flow. This area is characterised by a narrow coastal plain which slopes gently seawards and is delimited by steep slopes to the north, thus limiting tsunami propagation inland and generating turnaround periods (e.g. Dawson 1996) . Similar flow behaviour was described by Paris et al. (2007) for the 2004 Indian Ocean tsunami in a similar topographic setting.
Major element composition
From the stratigraphic logs presented above, observations using a binocular microscope and major element compositions (ESM 1), we can distinguish several sedimentary and volcanic facies: primary pyroclastic deposits (pumiceous ash and lapilli), rounded pumice lapilli, bioclastic sands, quartzdominated sands and pumiceous sands.
Quartz-dominated sands (70-80 wt% SiO 2 , <10 wt% CaO) were found only in Ujung Kulon (Java). Bioclastic sands contain >40 wt% CaO and <40 wt% SiO 2 , whereas the pumiceous sands have 40-60 wt% SiO 2 and <30 wt% of CaO (Fig. 11) . These proportions agree with the binocular microscope observations and LOI at 950°C. Bioclastic sands have up to 50 % bioclasts and 35 wt% LOI at 950°C. Pumiceous sands have <20 % bioclasts and <25 wt% LOI at 950°C, but >50 % juvenile clasts (pumiceous ash, fresh (Fig. 8) Kalianda (Fig. 6) Cikoneng (Fig. 5b (Mandeville et al. 1996a and this study) confirms that the distal pyroclastic deposits described in this paper were clearly produced by the 1883 eruption of Krakatau volcano (ESM 2). Figure 12 shows that they differ from pumice fall deposits and ignimbrites of Rajabasa volcano (Eastern Sumatra) and Danau caldera (Western Java), two major sources of pumice in the region. The presence of andesite lithics in some pumiceous ash units is confirmed by higher Mg and Ca proportions (e.g. KA1-3a; greyish pumiceous ash at a depth of 85 cm in Fig. 6 ). Post-depositional weathering is evidenced by higher FeO and lower alkalis (e.g. Sumur and Ujung Kulon samples). The reworking of some ash fall deposits by tsunami waves led to the addition of biogenic Ca (e.g. SU5b; yellowish pumiceous ash at a depth of 50 cm in Fig. 3 ).
Discussion

Interpretation of the sedimentary and volcanic facies
Pre-Plinian phase tsunami deposits: bioclastic sands and gravels Coral gravel and bioclastic sand facies (Table 1) are found in the lower part of many sections (e.g. Ujung Kulon, Sumur and Kalianda, Figs. 2, 3 and 6 ). These deposits resemble many tsunami deposits described in the literature (e.g. Goff et al. 2012; Cuven et al. 2013) : basal erosional features and rip-up clasts from the substratum (soil), all size fractions (from very fine sands to plurimetric boulders) present in some samples, poor sorting, lateral and longitudinal variations of thickness and internal organisation, both uniform and laminated facies, units enriched in heavy minerals and numerous marine bioclasts (up to 50 % of the clasts and 35 wt% LOI at 950°C). Landward thinning and fining is often reported for tsunami deposits, but this is far from systematic for the 1883 tsunami deposits. However, poor preservation of the 1883 deposits does not allow longitudinal trends to be correctly evaluated, either in terms of thickness or grain size. Compared to other coastal sediments (beach, dune sands) predating the 1883 eruption, tsunami bioclastic sands are enriched in heavy minerals (Ujung Kulon, Cidaun) and organic matter (e.g. pre-tsunami dune sand in Kalianda has a LOI at 550°C of <2 wt%, and overlying tsunami sand 4.7 wt%, typically 2-6 wt% for tsunami deposits). The proportion of juvenile clasts (pumices, fresh crystals) from the 1883 eruption ranges between 0 and 40 % in the bioclastic sand facies, which is interpreted as being the result of tsunami waves reaching the coasts of Java and Sumatra before the onset of ash falls related to the 26-27 August Plinian phase. Eruption-tsunami deposits that lack or are poor in juvenile grains have previously been described in Japan and Turkey. Nishimura and Miyaji (1995) found sand and gravel beneath fine ash (blast) and massive pumice (Plinian fall) deposits from the AD 1640 eruption of Komagatake volcano (southern Hokkaido). The sand unit is characterised by landward thinning and fining and overlies a clearly eroded underlying soil. Minoura et al. (2000) described a tsunami deposit on the Aegean coast of Turkey without juvenile material, and overlain by felsic ash fall deposits from the Minoan eruption of Santorini, although this interpretation remains controversial (e.g. Sewell 2001 ).
Pyroclastic fall deposits: pumiceous ash
The 1883 pyroclastic fall deposits are preserved as pumiceous ash interbedded between tsunami deposits everywhere around Sunda Strait. Their thickness is usually less than 10 cm and their colour varies from yellowish to greyish, light grey or white. The dominant grain size is ash, but lapilli are quite common and there are, rarely, bombs (e.g. Sumur).
However, the apparent pyroclastic fall deposits are not always primary, and we found evidence of reworking by later tsunami waves-presence of marine bioclasts (e.g. Sumur:
1 wt% LOI at 950°C), abundance of non-volcanic material (e.g. Anyer) and lenses of rounded pumice lapilli in volcanic ash layers (e.g. Gubug Garam) (see discussion below on the interpretation of rounded pumice lapilli). Rip-up clasts of the underlying greyish ash were found in pumiceous tsunami sands at a depth of 38 cm in Lampong (Fig. 8) . In Kalianda, pipes and slabs of greyish ash are incorporated into the overlying tsunami sand (Fig. 6) . The ash deposit was thus muddy (wet) when the tsunami came. This can be explained by the intense rain falls reported by Verbeek (1886) in this area during the night of 26-27 August.
Due to this reworking, it is not possible to reconstruct isopachs of the 1883 pyroclastic falls in Java and Sumatra from the deposits alone. Nevertheless, the thicknesses measured along the sections broadly correspond to those reported or measured by Verbeek (1886)-4-6 cm in Anyer (see Figs. 1 and 5b, depth 28-31 cm for a comparison), 2 cm in Sumur and Ujung Kulon (Fig. 2a, depth 20-23 cm) , 16 cm in Kalianda (Fig. 6 , depth 80-88 cm) and 20 cm in Lampong Bay (Fig. 7 , depth 32-50 cm; Fig. 8 , depth 40-50 cm).
Plinian phase tsunami deposits: pumiceous sands
Following the increasing intensity of pyroclastic falls in the late afternoon of 26 August and night of 26-27 August, the proportion of juvenile clasts increases from the base to the top of the sections, and tsunami deposits in the upper part of the sections are characterised by their pumiceous texture (e.g. Cidaun; Fig. 2 ). These deposits, named pumiceous sands, present many of the diagnostic criteria of tsunami deposits (e.g. rip-up clasts of underlying ash fall deposits), but their proportion of fine pumiceous ash and lapilli is higher than 50 %, reaching up to 90 %. In the stratigraphy, pumiceous sands overlie pyroclastic fall deposits (Figs. 2, 3, 5, 6 and 8) . The abundance of pumices in the tsunami pumiceous sand is the result of bulking through incorporation of freshly deposited pyroclastic fall deposits into the tsunami flow. Pumiceous sands are a diagnostic facies of volcanic tsunamis. Waythomas and Neal (1998) described ash fall deposits from the Aniakchak caldera-forming eruption (ca. 3.5 ka) reworked into overlying tsunami pumiceous sands. The most recent example was the 1994 Rabaul eruption (Papua New Guinea), during which tsunamis were generated by pyroclastic flows (Blong and McKee 1995) , and where up to three pumiceous sand units are interbedded with primary volcanic deposits (pumiceous ash and lapilli fall, surge deposits; Nishimura et al. 2005) .
Bioclasts are less abundant in the pumiceous sand facies (<20 % clasts, <25 % LOI at 950°C) than in the bioclastic sand facies. The source of marine bioclasts available offshore is progressively reduced by successive tsunamis. For instance, the lower bioclastic sand (Fig. 5a , depth 40-80 cm) and upper pumiceous sand in Anyer (depth 12-29 cm) have 15 and <5 % bioclasts, respectively. Nevertheless, we do not always observe this upward decrease. In Ujung Kulon, the abundance of bioclasts displays few variations from base to top of the sections: 6-12 % LOI at 950°C in the bioclastic sands (Fig. 2a, depth 23-45 cm) , 13 % in the pumiceous sand (depth 12-20 cm).
Pumice fall deposits reworked by tsunami: rounded pumice lapilli
The rounded pumice lapilli described on the Sumatra coast (this study) and by Carey et al. (2001) on Sebesi Island are better sorted than pyroclastic flow deposits in Rakata, Sertung (proximal facies) and Sebesi (20 km from Krakatau volcano), and coarser-grained than the pyroclastic deposits in Sebesi (Fig. 13) . Thus, rounded lapilli are not the distal complement of proximal pyroclastic flow deposits. At all sites, the rounded pumice lapilli are depleted in crystals and lithic fragments, thus ruling out pyroclastic falls and surges as depositional mechanisms. Carey et al. (2001) concluded that these rounded pumice lapilli were originally deposited on the sea surface during fallout, thus forming pumice rafts, then abraded (rounded) during tsunami runup, and finally left inland during tsunami backwash (return flow). In terms of stratigraphy, the rounded pumice lapilli consist of a 20-cm-thick unit above pumiceous tsunami sand at Kalianda (Fig. 6 ). They were thus deposited during the Plinian phase of the eruption. At the Lampong sections, they are found as a discontinuous layer on top of pumiceous tsunami sand and below surge deposits (Fig. 8, depth 30 cm) . The surge reached the coast of Sumatra at 10:30 AM of 27 August, just after the largest 10:00 AM explosion (Carey et al. 1996) . At Gubug Garam, the rounded pumice lapilli appear as a small lens penetrating a pumiceous ash fall unit (Fig. 7) . In Sebesi Island, Carey et al. (1996 Carey et al. ( , 2001 ) mentioned the rounded pumice lapilli intercalated between greyish ash units interpreted as pyroclastic flow and surge deposits. The rounded pumice lapilli sampled along the coasts of Sumatra are finer grained than the ones studied by Carey et al. (1996 Carey et al. ( , 2001 at Sebesi Island (Fig. 13) .
Floating pumice rafts and deposits of rounded pumice lapilli were described by Blong and McKee (1995) and Nishimura et al. (2005) during the 1994 Rabaul eruption and related tsunamis (Papua New Guinea). On the north-eastern coast of New Zealand, tsunami washover lobes are associated with rounded pumice lapilli (de Lange and Moon 2007). Freundt et al. (2007) mentioned pumice lenses in a tsunami sand sheet between two pyroclastic flows of the Mateare Holocene eruption (Lake Managua, Nicaragua).
Pyroclastic surge deposits
The 1883 tsunami deposits frequently contain wood fragments (small branches, bark, leaves and roots). In some units, wood was charred and now preserved as charcoal, both in Java and Sumatra. It can be found in the bioclastic sand facies (e.g. PLTU Lampong), pumiceous sand facies (e.g. Anyer) and rounded pumice lapilli (e.g. Kalianda). Two hypotheses may explain the presence of charred wood in the 1883 deposits: (1) wood previously charred (for instance by anthropic activities) and then transported by the tsunami and (2) pyroclastic surges instantaneously charring vegetation on Sumatra and Java coasts.
There is strong evidence that surges travelled distances of up to 65 km and reached the southern coast of Sumatra at 10:30 AM, 30 min after the culminating 10:00 AM explosion of 27 August ( Fig. 1) : hundreds of people were burnt and 1,000 people were killed in the Ketimbang district, people on ships described "hot sulphurous winds" or "hurricane winds" followed by violent mud rains (Verbeek 1886) . Survivors in Teluk Betung (now Bandar Lampung) also mentioned violent winds. There is no description or geological evidence of surge on the coasts of Java, but "hurricane winds" were felt aboard the W.H. Besse north of Merak (Java Sea, at 80 km from Krakatau). Mandeville et al. (1994) estimated the emplacement temperature of submarine pyroclastic flows to range between 350 and 550°C (using partial thermoremanent magnetization) at distances up to 15 km north of from the volcano. The temperature of the flow travelling over the sea was still hot enough to char wood on Sumatra coasts, but not marine shells and coral, yielding a maximum temperature of 200°C. This is concordant with the absence of surface reflectance on charred wood sampled in Sumatra (Scott and Glasspool 2005; Hudspith et al. 2010) .
The uppermost light grey ash unit found at Lampong (Fig. 8 ) is interpreted as a pyroclastic surge deposit. It displays the typical vertical succession of a lower massive facies to an intermediate cross-bedded facies, and an upper planar-bedded facies (e.g. Wohletz and Sheridan 1979; Fisher and Schmincke 1984) . Cross-bedding resembles the chute-andpool structures described by Schmincke et al. (1973) , suggesting a supercritical flow regime, associated with grain-size sorting between sand and silt fractions of pumice. The sharp transition between the cross-bedded and the planar-bedded facies marks an abrupt decrease in flow power. Orientation of the bedforms is appropriate for a flow coming from the South. This is the first geological evidence of pyroclastic surge deposits related to the 1883 Krakatau eruption on the coasts of Sumatra. The uppermost dark silty sand found at Kalianda (Fig. 6 , depth 35-20 cm) has a pumiceous ashy matrix and is very rich in charcoal. It might be considered to indicate the passage of the surge, but the abundance of marine bioclasts suggests that it is reworked.
Mud rain?
The culminating 10:00 AM explosion was followed by mud rain that lasted more than 2 h, both in Sumatra and Java (Verbeek 1886) . The uppermost units of the 1883 sequence and post-1883 soils are usually reworked, and there is no clear evidence of the mud rain in the stratigraphic record. The wt.% Rounded pumice lapilli (Sebesi Island) 20 km from Krakatau volcano (Carey et al. 1996) Fig. 13 Grain size distributions of pyroclastic flow deposits near the 1883 active vents (Sertung, Rakata islands) and at 50 km from the volcano, compared to rounded pumice lapilli at Kalianda and Lampong (Sumatra coast) brown silty clay overlying greyish pumiceous ash and rounded pumice lapilli at Gubug Garam (Fig. 7) contains pumices (including rounded lapilli), but also coral fragments, and both marine and terrestrial bioclasts. This unit is here inferred to represent a tsunami backwash deposit, rather than mud rain.
Observations versus stratigraphy
South-western Java (Ujung Kulon, Sumur)
In the Ujung Kulon area (Java's First Point), pumiceous ash and bombs started to fall at 6:10 PM on 26 August, followed by ash only around 7:30 PM and wet ash in the early morning of 27 August (∼4:30 AM). Ash fall deposits were found preserved in the sections we trenched in Ujung Kulon (Fig. 2a) , Cidaun (Fig. 2b) and Sumur (Fig. 3) . We found evidence of tsunamis below (bioclastic sand followed by pumiceous sand) and above (pumiceous sand only) the ash fall deposits, both in Ujung Kulon (Fig. 2a) and Sumur (Fig. 3) . The Cidaun section suggests that at least three tsunamis reached the eastern coast of the Ujung Kulon peninsula, interbedded with ash fall deposits (Fig. 2b) . The transition from bioclastic sands to pumiceous sands marks the onset of ash falls on the south-western coasts of Java (evening of 26 August). The light grey colour and high vesiculation of ash at 25 cm (Fig. 2a ) and 140 cm (Fig. 2b) corresponds to the early morning of 27 August paroxysm. According to the reports, Java's First Point was not affected by "unusual" waves before the major tsunami of 27 August at 11:00 AM, but the lighthouse was located on the southwestern side of the peninsula (Indian Ocean coast). Tsunamis were reported in Vlakke Hoek and Beneawang (western Sumatra) during the evening of 26 August and early morning of 27 August (Latter 1981).
Western Java (Anyer, Sanghyang Island) Batavia's tide gauge (Tandjong Priok) started to record tsunami waves at 6:10 PM on 26 August, thus illustrating that a threshold was passed in the propagation of tsunamis northwards (Batavia being located 150 km from the volcano, on the northern coast of Java). Latter (1981) linked this first tsunami in Batavia to the 3:34 PM explosion.
Tsunamis reported in Anyer before 5:30 PM on 26 August are described as small agitations of sea level, but explosions in the evening generated 1-2 m high tsunamis, for example at Carita (Cyringin, 30 km SSW of Anyer). These tsunamis are not recorded individually in the sections described, and their traces might have been eroded by subsequent tsunamis. The pumiceous sands in the lower part of the Anyer section (Fig. 5a , depth >40 cm) were most probably deposited by the early morning 27 August tsunamis, at the beginning of the climactic stage of the eruption (∼5:30 AM). In the early morning of 27 August, volcanic activity shifted from a convecting column, with localised pyroclastic flows, to a collapsing column (Self 1992) . The production of largevolume pyroclastic flows resulted in an increasing amplitude of tsunami waves. According to Latter (1981) , the 5:05 AM explosion generated a tsunami that propagated in all directions. Merak, Cyringin and Anyer were devastated by tsunami waves between 6:30 and 9:00 AM, leaving few survivors. Verbeek (1886) then noted a sudden increase in the intensity of ash falls at 9:30 AM in the Anyer area. The units of light grey pumiceous ash intercalated between pumiceous tsunami sands (Fig. 5a, depth 30-40 cm; Fig. 5b , depth 28-31 cm) could represent this intense phase of ash falls. The culminating tsunami occurred at ∼10:30 in Anyer and 11:00 in Java's First Point. Waves were as high as the coconut trees in Merak, and destroyed the lighthouse at Java's 4th Point (Anyer). Bricks of the lighthouse were found in the upper pumiceous sand up to 4 km inland (Fig. 5a , depth 13-30 cm; Fig. 5b , depth 15-28 cm).
A similar stratigraphy is found in Sanghyang Island, but the tsunami deposits there are less rich in pumice than in Anyer. The 10:30 AM tsunami might be attested by bioclastic sands lying on white pumiceous fine sand, and the earlier tsunamis left a 2-m-thick coral breccia (7:30 or 9:00 AM tsunamis in Merak?). The relatively low pumice abundance in the Sanghyang Island deposits is consistent with the late arrival of ash falls in the Merak area (no ash falls before 10:30 AM in Merak, based on Verbeek 1886).
Eastern Sumatra (Kalianda, Lampong Bay) Ketimbang and Kalianda were damaged by tsunamis sooner than elsewhere in Sumatra and Java. Ketimbang was evacuated after 8:00 PM on 26 August and devastated before 6:30 AM on 27 August. Verbeek (1886) mentioned successively: ash falls with pumice bombs during the night 26-27 August, then an intense "rain" of lapilli and bombs at 9:00-10:00 AM (the possible source of the rounded pumice lapilli), a short phase of hot ash at ∼12:00 AM, followed by cold ash or mud rains until 28 August. This scenario agrees particularly well with the stratigraphic record in Kalianda (Fig. 6) . The lower tsunami sands (depth 88-140 cm) have low pumice abundance and could be the result of the tsunamis on the evening of 26 August, prior to the main ash falls (depth 70-88 cm). The upper tsunami pumiceous sand erosionally overlies the wet ash fall deposits and ends with deposits of rounded pumice lapilli (depth 35-55 cm).
The most complete section trenched along the coasts of Lampong Bay (Fig. 8) displays from base to top (1) a thick pumiceous tsunami sand with rip-up clasts of the underlying soil, (2) wet ash fall deposits, (3) a second unit of pumiceous tsunami sands with rip-up clasts of ash fall deposits and lenses of pumice rounded lapilli and (4) a cross-stratified surge deposit. This stratigraphy can be compared with observations in Teluk Betung (Fig. 1) , where the first damaging tsunami occurred at 6:30 AM (27 August). A second tsunami is reported at ∼7:00 AM in Lampong Bay (by the ship Fig. 14 Interpretive stratigraphic columns of 1883 Krakatau pyroclastic deposits and tsunami deposits, from the proximal zone (Panjang, Rakata and Sertung islands-Stehn 1929; Self and Rampino 1981; Mandeville et al. 1996b) , to Sebesi (20 km from the volcano- Carey et al. 1996) and Sumatra and Java coasts (40-70 km from the volcano-this study). Sedimentary and volcanic facies-bs bioclastic sand, pa pumiceous ash, ps pumiceous sand, rpl rounded pumice lapilli, pys pyroclastic surge. Not to scale Loudon), reaching Teluk Betung at 7:45 AM. It is impossible to state which one of these tsunamis produced the lower pumiceous sand (Fig. 8, depth 50-80 cm) . The intensity of ash falls increased after 7:00 AM, shifting to mud rains between 10:45 and 12:45 AM. The timing of the major tsunami following the 10:00 AM explosion is not documented in Lampong Bay, because most of the people there were killed by earlier tsunamis or evacuated to higher ground. As at Kalianda, this tsunami is evidenced by an upper unit of pumiceous sand and rounded pumice lapilli (Fig. 8, depth  30-40 cm) .
The pyroclastic surge was felt shortly after the tsunami (e.g. account by the ship Charles Bal, from near Sanghyang Island). This agrees with the stratigraphic position of the upper tsunami sand and rounded pumice lapilli under the surge deposits in Lampong (Fig. 8) and Sebesi (Carey et al. 1996) . Considering that the tsunami waves reached the coasts of Sumatra and Java after 30-40 min of propagation (Verbeek 1886; Simkin and Fiske 1983) , we can estimate that the surge travelled over seawater at a velocity of less than 30 m/s (if the surge and tsunami shared the same source). The ships Loudon and Charles Bal, both located 65 km from the volcano, felt the effects of the surge at ∼10:30 AM, yielding an average velocity of 36 m/s. Pumice rafts may have locally increased seawater viscosity and density, favouring the transport of pyroclastic surges across the sea, as suggested by Allen and Cas (2001) for the Kos Plateau Tuff across the Aegean Sea.
Conclusions
The tsunamigenic 1883 eruption of Krakatau volcano represents an emblematic case study for coupling eruptive history (through stratigraphy and observations) and the sedimentary record of tsunamis. Our sedimentological approach to the tsunami deposits interbedded with primary or reworked pyroclastic deposits demonstrates that past eruptions can be reconstructed using their tsunami record. Five kinds of sedimentary and volcanic facies were identified: (1) bioclastic sands deposited by tsunamis before the Plinian phase of the eruption, (2) pumiceous tsunami sands indicating the onset of the Plinian phase, (3) rounded pumice lapilli corresponding to pyroclastic falls reworked by tsunami (and most probably deposited by the backwash), (4) pumiceous ash fall deposits (primary or reworked) and (5) pyroclastic surge deposits overlying the uppermost tsunami deposits (only in Sumatra).
The stratigraphic record agrees quite well with the observations and allows a scenario to be reconstructed for each location. Figure 14 displays a tentative synthesis of the proximal and distal stratigraphy of the 1883 eruption and tsunamis. Links are proposed between the beginning of the Plinian phase in the late afternoon of August 26, pyroclastic fall deposits on the coasts of Java and Sumatra, and the enrichment of the tsunami deposits in pumice (pumice sand facies). Thicknesses of ash fall deposits measured along the sections are concordant with thicknesses reported by Verbeek (1886) . Tsunami observed before the paroxysm (bioclastic sand facies) might have been generated by precursory pyroclastic flows or landslides of the volcanic edifice. There are no tsunamis recorded above the surge deposits in Sumatra, i.e. no tsunamis after the main explosion (10:00 AM August 27). The temperature of the flow travelling over the sea at 30-36 m/s was still hot enough to char wood fragments (without surface reflectance), but not marine shells and corals, yielding a maximum temperature of 200°C. The final phase of the eruption and formation of the submarine caldera might have generated tsunamis, but they are not recorded along the coastal sections described here.
Volcanic tsunamis expand the potential damage area of many underwater and coastal volcanoes, and must be considered in terms of volcanic hazard assessment. Learning from past tsunamigenic eruptions helps understand the relationships between the eruptive processes, thresholds in eruptive activity and the timeframe and magnitude of tsunamis. Using current knowledge, tsunamis happening during a volcanic eruption are unpredictable, and sometimes numerous, yet volcanic monitoring is often unsuited to dealing with tsunamis.
